We adopt the energy momentum relation of charged particles to study the thermodynamics laws and weak cosmic censorship conjecture of higher-dimensional f (R) AdS black holes in different phase spaces by considering charged particle absorption. In the normal phase space, it turns out that the laws of thermodynamic and the weak cosmic censorship conjecture are valid. In the extended phase space, though the firs law of thermodynamics is valid, the second law of thermodynamics is invalid. More interestingly, the weak cosmic censorship conjecture is shown to be violated since the parameter f (R 0 ) contributes to the final state. The magnitudes of the violations for both the second law and weak cosmic censorship conjecture are dependent on the parameters l, p, f (R 0 ).
Introduction
gravity. In view of this, various investigations have been discussed with respected to the thermodynamics in the f (R) spacetimes [48] [49] [50] [51] . In these studies, they found that the laws of thermodynamics of f (R) black hole was true. Motivated by these facts, our aim is to promote the work of Ref. [41] to the higher-dimensional f (R) AdS black holes, where a more accurate calculation is presented. We will use the test particle model to study the thermodynamic laws and weak cosmic censorship conjecture of the higher-dimensional f (R) black holes. What's more, we will also explore whether f (R) gravitational parameters will affect the second law and weak cosmic censorship conjecture. As a result, we find that the first law is still valid in different phase spaces, and the extremal black holes are still extremal after an absorption of the external particle. However, the second law is violated in the extended phase space though it is valid in the normal phase space. More importantly, we also find that the weak cosmic censorship conjecture is valid under the case of without pressure, while for the case with pressure, the weak cosmic censorship conjecture is violable, depending on f (R 0 ) gravitational parameters.
The remainder of this article is organized as follows. In section 2, we introduce higher-dimensional f (R) AdS black holes and its first law of thermodynamics. In section 3, the motion of charged particle in higher-dimensional f (R) AdS black holes is investigated. In section 4, the laws of thermodynamics of higher-dimensional f (R) AdS black holes are checked in the different phase spaces. In section 5, the validity of the weak cosmic censorship conjecture in different phase spaces are checked with a more accurately examine. In section 6, we briefly summarize our results. In this paper, we will set G = c = 1.
A brief review on the higher-dimensional f (R) black holes
In addition to the simple and general Lagrangian model, f (R) gravity also considers arbitrary function of Ricci scalar. However, the standard Maxwell energy-momentum tensor is not traceless in higher dimensions. Hence, it is important to find that the higher-dimensional black hole solutions from R + f (R) gravity coupled to standard Maxwell field. In general, the conformally invariant Maxwell action in arbitrary dimensions should be considered as [52] 
Here, p is a positive integer, i.e, p ∈ N . F µν = ∂ µ A ν − ∂ ν A µ is the electromagnetic tensor, where A µ represents the electromagnetic potential. It can be easily proved that the energy momentum tensor is traceless when D = 4p. In the case of p = 1, the equation (1) recovers to the standard Maxwell action. The action of R + f (R) gravity in D-dimensional space-time coupled to a conformally invariant Maxwell field as
In the above equation, f (R) is an arbitrary function of scalar curvature R. And, the corresponding D-dimensional black hole metric is described as [48] ds 2 = −W (r)dt 2 + dr 2 W (r)
and
. (4) Note that the above black hole solutions hold for the dimensions which are multiples of four. Due to the restriction condition D = 4p, it is ensure that the traceless property of the energy-momentum tensor. According to Ref. [48] , the above solution is asymptotically AdS when R 0 = −D(D − 1)/l 2 .
In the above equation, the parameters m and q are integration constant which are related to the mass M and electric charge Q of the solution [48] 
At the outer event horizon r = r h , the Hawking temperature T h , entropy S h , and electric potential Φ are obtained as [50] T h = 1 4π
where Ω D−2 denotes the volume of the unit (D−2)-sphere. It was proved that these physical quantities satisfy the first law of black hole thermodynamics [50] 
In the extended thermodynamic phase space, the cosmological constant is identified as the thermodynamic pressure while its conjugate quantity is regarded as the thermodynamic volume. The pressure is defined as
The cosmological constant in the D-dimensional spacetime is
, where l is the radius of the AdS space. So we can find the relation between Λ and R 0 , that is R 0 = 2DΛ D−2 . Therefore, the volume can be obtained by
Comparing it with the thermodynamic volume of D-dimensional RN-AdS black holes, there is an extra factor 1 + f (R 0 ). The first law of thermodynamics in the extended phase space thus is written as [50] 
One can check that the following Smarr relation is also satisfied
In this case, the mass is defined as enthalpy. The relations among the enthalpy, internal energy and pressure is
where U is internal energy. Hence, the change of the mass makes re-balance not only for the horizon and the electric charge, but also the AdS radius in P V h term.
3 Charged particle absorption in higher dimensional charged f (R) black holes
In this section, we are going to consider the behavior of the charged particle which is near the event horizon, and we mainly study the relation of the conserved quantities of the particle after it is absorbed. When the black hole absorbs the charged particle, the conserved quantities of the black hole is varied. In this process, we want obtain the relation of the conserved quantities of the particle in the electric field A µ due to the conserved quantities of the black hole are changed as much as the particle. Then, we will use the following Hamilton-Jacobi equation to analyze the dynamical of the particle
Where m b is the mass of the particle, p µ is the momentum, and H is the Hamilton action of the particle. In this spacetime, it is difficult to find the expression of particle action from equation (16) . Hence, the Hamilton action can be separated as
here, the conserved quantities ω and Y correspond to the energy and angular momentum of particle.
To solve the Hamilton-Jacobi equation, we will use the inverse metric of the black hole
By combining equation (18) and equation (19) , we can get
We can separate equation (20) by introducing a variable R. Therefore, the radial and angular momentum of the particle are
Finally, we can obtain the radial momentum which we are most interested in, that is
The particle will be absorbed by the black hole when it drops into the black hole horizon. By eliminating the separate variable R, we can obtain the particle energy in terms of the particle momentum at any radial location. Near the event horizon, the energy form of the particle is obtained as
For p r h , we will choose the positive sign thereafter as done in Ref. [53] in order to assure a positive time direction. That is, in the positive direction of time, the energy and momentum of the particle are positive.
Thermodynamic of the higher dimensional f (R) black holes
Black holes can be viewed as thermodynamic systems because they not only have temperature and entropy, but also energy and chemical potential. In Refs. [48, 50] , thermodynamics of higherdimensional f (R) AdS black holes in the normal and extended phase space have been reported. The validity of the first law of thermodynamics in both the normal and extended phase space have been checked. And the Smarr relation matches exactly with the first law of black hole thermodynamics. In this section, we would like to generalize those researches to the thermodynamics under charged particle absorption. Absorbing the charged particle, the higher dimensional charged f (R) black holes is varied by the same quantity as that of the particle, and the variations of the black hole in the energy and charge can be calculated. Then, we investigated the validity of the laws of thermodynamic in the extended and normal phase spaces under charged particle absorption.
Thermodynamics in the normal phase space
In the process of absorption, the energy and electric charge of the particle equal to the change of the internal energy and charge of the black hole. In the normal phase space, the mass was interpreted as internal energy, that is
Therefore, the energy momentum relation in equation (24) becomes as
We need find the variation of the entropy in order to rewrite equation (26) to the first law of thermodynamics. Therefore, by use equation (8), the variation of the entropy takes the form
where dr h is the variation of the event horizon of the black hole. The event horizon of the black hole changes as it absorbs a particle, leading to the change of W (r). Thus, the change of the horizon should satisfy
In the normal phase space, the cosmological constant is fixed. The initial state of the black hole is represented by (M, Q, r h ), where
Combining equations (26) and (28), we finally have
where
Base on equation (27), we can get the variation of entropy
In addition, we chose D = 4p, i.e, D = 4, 8, 12, ..., as we mentioned already. Therefore we will consider D = 4p in what follows. Incorporating equations (7) and (33), we get lastly
Furthermore, from equations (7), (9) and (33), we have
Obviously, we can see that as a charged particle drops into the higher dimensional charged f (R) black holes, the first law of thermodynamics is valid in the normal phase space.
As the absorption is an irreversible process, the entropy of the final state should be greater than the initial state of the black hole. That is, the variation of the entropy should satisfy dS h > 0 under the charged particle absorption. Therefore, we will check the validity of the second law of thermodynamics by equation (33) . For the extremal black holes, we find the variation of the entropy is divergent. The divergence of the variation of entropy is meaningless so that we will focus on the near-extremal black holes. Then, we will study the variation of entropy with numerically. Keeping in mind the restrictions that D = 4p and 1 + f (R 0 ) > 0. Note that meaningful critical specific volume only exists when p is odd, it means p = 4, 8, 12, ... Therefore, we set Q = 1.5 and Ω d−2 = l = p r h = 1 as examples. For case of f (R 0 ) = −0.8, f (R 0 ) = −0.5 and f (R 0 ) = 0.5, we get the corresponding extremal mass for different values of p. In the case that the mass is more than the extremal mass, the corresponding values of r h and dS h for different masses are obtained, as shown in Table 1 , Table 2, and Table 3 . Table 1 . The relation between dS h , M and r h of p = 1. Table 3 . The relation between dS h , M and r h of p = 5. From these tables, the values of the extremal mass will change as different values of f (R 0 ), we can see that the values of the extremal mass and dS h increases as the augment of the values of f (R 0 ), but the values of r h is decreased. In addition, the values of r h will increase when the mass is increased for the same f (R 0 ), but the values of dS h is decreased. Fortunately, the results show that when the mass is more than the extremal mass, the variation of the entropy is positive always. This implies that the second law of thermodynamics is valid for the near-extremal f (R) black holes in the normal phase space.
In order to make these results clearer and more visible, we also can obtain the relation between dS and r h under the condition −1 < f (R 0 ) for different values of p, which are shown in Figure 1 
Thermodynamics in the extended phase space
In the extended phase space, since we are going to discuss the thermodynamics of the black hole by introducing the pressure, the mass should be interpreted as enthalpy rather than internal energy, and other thermodynamic quantities can be obtained through thermodynamic identities. In other words, we should use equation (15) , that is
In this case, the energy relation of equation (24) becomes as
Then, we have
Similarly, the event horizon and function W (r h ) will change due to the absorption of the charged particle. The variation of the horizon radius can be obtained from the variation of metric function W (M, Q, l, r h ). Namely,
After substituting equation (38) into equation (39), we have
From equation (27) and equation (41), we have
From equations (7), (11) , (45) and (46), we get
We can prove that the above physical quantities satisfy the first law of thermodynamics. That is,
Therefore, we conclude that the first law of thermodynamics is also valid in the extended phase space, when the charged particle is absorbed by the higher-dimensional charged f (R) black holes.
With equation (45), we also can investigate the second law of thermodynamics of the higherdimensional charged f (R) black holes in the extended phase space. For the extremal black holes, we find
In this equation, there is a minus sign. Therefore, the entropy is decreased for the extremal black hole. That is, the second law of thermodynamics for the extremal black holes is violated under the consideration of P V h term in the charged particle absorption, which is different from the normal phase space.
Next, we turn to the near-extremal black holes. Similarly, we judge the variation of entropy according to equation (45) . Here, we also set l = p r h = Ω d−2 = 1 and Q = 1.5. For different values of the parameters p and f (R 0 ), we can get different mass of the extremal black holes, and the corresponding values of r h and dS h are also obtained, which are listed in Table 4 , Table 5, and Table  6 . Table 4 . The relation between dS h , M and r h of p = 1. Table 5 . The relation between dS h , M and r h of p = 3. From these tables, we find the value of dS h is not a simple monotonic relationship such as that in the normal phase space, there is always a divergent point. Although the values of dS h decrease as the mass increase, the values of dS h have positive and negative regions. When the mass approaches to the extremal mass, the values of dS h are negative, which means that the second law of thermodynamics is invalid for the near-extremal f (R) black holes. And provided that the mass is larger than the extremal mass, the change of entropy is positive. That is, the second law of thermodynamics is valid for the far-extremal f (R) black holes. In addition, the result demonstrates that the location of the divergence point is different for different values of f (R 0 ), that is, there is a great connection between the divergence point and the value of f (R 0 ). When the value of f (R 0 ) is increased, the later the divergent point appears. The relation between dS h , r h and f (R 0 ) can be plotted also for different values of p, which are shown in Figure 4 , 5, 6. From these figures, we find there is always a phase transition point which divides dS h into positive and negative regions. Furthermore, the results show that dS h is negative when the event horizon radius is smaller than the phase transition point. Thus, the second law of thermodynamics is not valid in the extended phase space for the near-extremal black hole under charged particle absorption. We also find that the violations of the second law depending on the parameters l, p, Q, f (R 0 ), Ω d−2 . Obviously, the magnitudes of the violations are related to those of the parameters In this section, we investigate the validity of the weak cosmic censorship conjecture for the higherdimensional f (R) black holes, and we intend to explore what the final state is as the charged particle are absorbed by the higher-dimensional charged f (R) black holes in different phase spaces. As the extremal black hole is in a state in which its mass has the maximum charge, it is feasible to overcharge the black hole by adding a charged particle. In other words, the event horizon will disappear, which makes the singularity of the black hole exposed in the spacetime. There has been no literature on the weak cosmic censorship conjecture of the higher-dimensional f (R) black holes. Hence, we should check whether there is an event horizon at the final state of the black hole. The metric function W (r) of the black hole has a minimum point located at the horizon r min . If there is a positive real root for the equation W (r) = 0, the final states are black holes and the weak cosmic censorship conjecture is valid. Otherwise, the weak cosmic censorship conjecture is violated.
At r min , the following relations are satisfied
The minimum value of the function W (r) is δ. For the case of the extremal black hole δ = 0, and for the case of the near-extremal black hole δ is a very small negative value. When the charged particle drops into the black hole, the physical quantity of the black hole will become to M +dM, Q+dQ, l +dl. Correspondingly, the position of the minimum point of function W (r) and event horizon change into r min → r min + dr min , r h → r h + dr h . After that, there is also a shift for W (r), which is denoted as dW min . At the new lowest point , we have ∂ r W | r=r min +dr min = W min + dW min = 0. (52)
Weak cosmic censorship conjecture in the normal phase space
In the normal phase, we will study the change of W (r min ) as charged particle are absorbed. At r min + dr min , there is a relation ∂ r W (r min + dr min ) = 0, implying
In addition, at the new minimum point, W (r min + dr min ) can be expressed as
For the extremal black hole, W min = δ = 0 and the temperature is zero T h = 0. By combing equation (26) and equation (55), we can finally get
This implies that W min + dW min = 0, which means that the charged particle does not change the minimum value of W (r min ). Further, it shows that the final state of the extremal black hole is still an extremal black hole, so that the weak cosmic censorship conjecture is valid.
For the near-extremal black hole, we have
where 0 < 1, and the minimum value δ is a very small negative value about . Then, we can expand equation (26) at r min , which is
By combining equations (55) and (58), and under the condition D = 4p, p ∈ N , we can finally get
Then, for near-extremal black hole, the equation (54) becomes as
When we take → 0 for the equation(60), we can have W (r min + dr min ) = 0. Interestingly, this result is consistent with the results of the extremal cases. Hence, the correctness of equation (56) is further confirmed. However, we are not sure about the value magnitudes of |δ | and O( ) 2 . Therefore, for the near-extremal black hole, we can not simply ignore the contribution of O( ) 2 to equation (60) since δ is also a small quantity, and we need a more accurate calculation. To the second order, we find
then, we can get
Similarly, to the second order, dW min can be expanded as
So, it is very important to find out the relation between δ and O( ) 2 . For simplicity, we redefine
In order to make the results gain an intuitive understanding, the result of equation (65) is plotted for different values of p. Fortunately, in Figure 7 , Figure 8 and Figure 9 , there is always a relation W N < 0. In other words, the result shows that W (r min + dr min ) = δ + O( ) 2 < 0, which means the weak cosmic censorship conjecture for the near-extremal higher dimensional charged f (R) black holes is valid under charged particle absorption in the normal phase space. 
Weak cosmic censorship conjecture in the extended phase space
Different from the case without pressure, l is a variable in this case and the initial state is represented by M, Q, l. Therefore, we have
Then, at the new minimum point, we can get
In addition, equation (67) is different from equation (54) due to the emergence of the cosmological constant. For the extremal black hole, r min locate in r h , so that equation (53) can be applied. In this case, we also have W min = δ = 0, inserting equation (53) into equation (68), we can finally get
In accordance with equation (69), we also get W min +dW min = 0. It clearly shows that there is not any change in W (r min + dr min ) for the extremal black holes so that the black hole has horizon after the absorption in the extended phase space. Therefore, the weak cosmic censorship conjecture is valid for the extremal higher dimensional charged f (R) black holes. It is interesting to note this consequence has not different with that in the normal phase space, the black hole keeps its configuration after the absorption. Which means that extremal black hole is still extremal with the the contribution of pressure, that is, the particles with sufficient momentum and charge would not overcharge extremal higher-dimensional f (R) black holes in the extended phase space.
For the near-extremal black hole, we also have r h = r min + , we can expand equation (53) at r min , which leads to
By combining equations (68) and (70) we have
For the extremal black holes, we have W (r h ) = 0. Hence, we can get
and dQ = −
By combining equations (72), (73) and (74), and the condition D = 4p, p ∈ N . We finally get
In the extended phase space, the minimum value of the near-extremal black hole is
Obviously, when we take the condition δ → 0, → 0 into equation (77), we can get W min +dW min = 0, which returns to the extremal case in equation (69). For the near-extremal black holes, to determine the final states precisely, we also should perform higher-order expansion. To the second order, we find
Thus, we can combine equation (62) and equation (78) and define
Now, in order to visually represent the positive and negative conditions of W E , we plot Figure 10 , Figure 11 and Figure 12 for different values of p. In these figures. We find that the results are very interesting. When p = 1, which means the 4-dimensions f (R) black holes, there has no parameter Figure 10 : The value of W E for Q = 2, l = 1, Ω D−2 = 1, dl = 0.1 which p = 1.
f (R 0 ) in the final result of W E , it can be clearly see that there is always W E < 0 which is shown in Figure 10 . However, for the case of p > 1 which means higher dimensional f (R) black holes, the parameter f (R 0 ) has contribution to the final result W E , and W E may be positive at the final state. Therefore, due to the contribution of parameter f (R 0 ), the weak cosmic censorship conjecture of high-dimensional near-extremal f (R) black holes may be violated in the extended phase space. And our results demonstrate that the magnitudes of the violations are different for different values of parameters f (R 0 ), p, dr min . That is, the configurations of W E are different for different values of these parameters, and the magnitudes of the violations are related to those of the parameters. 
Discussion and conclusions
In this paper, we obtained the energy-momentum relation as the charged particle drops into the higher dimensional charged f (R) black holes by using the Hamilton-Jacobi equation. Based on this relationship, we have verified the thermodynamic laws of black holes under charged particle absorption. In addition, we further examined the validity of the weak cosmic censorship conjecture in the higherdimensional f (R) AdS black holes.
In the normal phase space, we found that the first law of thermodynamics was valid when the charged particle dropped into the higher-dimensional f (R) AdS black holes. Additionally, for the second law of thermodynamics, the result shows that the variation of the entropy is always increased whether it is extremal or non-extremal black holes, which means the second law of thermodynamics is valid in the normal phase space. According to a more accurate calculate of the shift in the minimum value of the metric function W (r) under charged particle absorption. The results show that the final configuration of the black hole does not change, when the extremal f (R) black hole absorbs the charged particle. In other words, the extremal higher-dimensional f (R) AdS black holes can not be overcharged during the absorption process, and the event horizon of the black hole still exist. In addition, for the case of near-extremal black hole, the minimum value is still negative under charged particle absorption. That is, in both cases, the weak cosmic censorship conjecture are all valid.
In the extended phase space, when the cosmological parameter is identified as a variable which is interpreted as a pressure, the results of thermodynamic laws and weak cosmic censorship conjecture are quite different from that in the normal phase space. In this case, we find that the first law of thermodynamics is valid under charged particle absorption. However, the results show that the second law of thermodynamics is invalid for extremal and near-extremal black holes. In addition, the magnitudes of this violation is related to the parameters f (R), l, p. Furthermore, our result show that the function W (r) does not also change for the extremal black holes. That is, the extremal higherdimensional f (R) AdS black holes can not be destroyed in the course of the absorption process, and the weak cosmic censorship conjecture is still valid in the extended phase space. Interestingly, for the nearextremal higher-dimensional f (R) black holes, the movement of the minimum value is quite different from that in the case without the pressure term. Different with Ref. [41] , the effect of the second-order small O( 2 ) to the final result is presented in our calculation, where the figures of the relation between δ and O( 2 ) is plotted. In this case, the result shows that there is still W (r min + dr min ) < 0 in the case of p = 1, where the parameter f (R) does not contribute to W (r min + dr min ). That is, the weak cosmic censorship conjecture is valid in the 4-dimensional near-extremal f (R) black holes. However, in the case of p > 1 we have W (r min + dr min ) > 0, and parameter f (R) has contribution to W (r min + dr min ). It is worth noting that this result is quite different from the one without parameters f (R) in the final state. In other words, the weak cosmic censorship conjecture may be invalid when the charged particle dropped into the higher-dimensional near-extremal f (R) black holes. In a conclusion, it implies that the violations of the cosmic censorship conjecture depending on the parameter f (R 0 ), and the magnitudes of those violations are relevant to those of the parameters. Therefore, the parameter f (R 0 ) plays a very important role in the violation of the weak cosmic censorship conjecture.
